In several bacterial species that show natural transformation, dprA has been described as a competence gene. The DprA protein has been suggested to be involved in the protection of incoming DNA. However, members of the dprA gene family (also called smf) can be detected in virtually all bacterial species, which suggests that their gene products have a more general function. We examined the function of the DprA/Smf homologue of Escherichia coli. Escherichia coli dprA/smf is able to partially restore transformation in a Haemophilus influenzae dprA mutant, which shows that dprA/smf genes from competent and noncompetent species are interchangeable with respect to their involvement in natural transformation. From this, we conclude that natural transformation is probably an additional function of these genes. Subsequently, the dprA/smf gene was deleted in various recombination mutants of E. coli, and the resultant phenotype was tested. All the resultant E. coli dprA/smf mutants did not differ from their parent strains with respect to transformation, Hfr-conjugation, recombination and DNA repair. Therefore, a role of DprA/Smf in DNA recombination could not be established and the basic function of dprA/smf remains unclear.
Introduction
Naturally competent bacteria have the ability to actively take up extracellular DNA and to integrate it in their genomes. This process is called natural transformation. The donor DNA can be chromosomal, phage or plasmid. Chromosomal fragments have to recombine with the chromosome after uptake, whereas plasmids and phage may need to be recircularized. Naturally competent bacteria have a dedicated system for the binding and uptake of extracellular DNA. The components of these systems are similar in the different species, with the exception of Helicobacter pylori (Chen et al., 2005) . Subsequent integration of chromosomal fragments depends on recombination. RecA, present in both transformable and noncompetent species, plays a central role in homologous recombination. DprA is also present in most bacterial species, but its function is more obscure. DprA has been identified as a transformation protein in Haemophilus influenzae (Karudapuram et al., 1995) , Helicobacter pylori (Ando et al., 1999; Smeets et al., 2000) , Thermus thermophilus (Friedrich et al., 2002) , Bacillus subtilis (Ogura et al., 2002) , Campylobacter jejuni (Takata et al., 2005) and Streptococcus pneumoniae (Berge et al., 2003) . In Haemophilus influenzae dprA mutants, DNA becomes resistant to extracellular DNA with an efficiency similar to that of wildtype strains, but the DNA fails to recombine with chromosomal DNA. Interestingly, a Helicobacter pylori dprA mutant is deficient in natural transformation with chromosomal DNA, as well as with plasmid DNA (Smeets et al., 2000) , whereas a Haemophilus influenzae dprA mutant can be naturally transformed with plasmids at nearly wild-type frequency (Karudapuram et al., 1995) . The latter is reminiscent of a recombination deficiency, because plasmid transformation in Haemophilus influenzae can occur independent of recombination (Notani et al., 1981) . In S. pneumoniae, it has been shown that in a dprA mutant ssDNA that enters the cell is rapidly degraded, a phenotype shared by recA mutant strains (Berge et al., 2003) . Although both proteins appear necessary for the protection of incoming DNA during transformation, only RecA seems necessary for homologous recombination between different loci on the chromosome (Berge et al., 2003) . Furthermore, in contrast to recA strains, a dprA mutant is not impaired in UV-survival like recA mutants of Haemophilus influenzae (Tomb et al., 1989) , S. pneumoniae (Berge et al., 2003) or Helicobacter pylori (data not shown). Members of the dprA gene family, also called smf, appear to be highly conserved in bacteria as well as in a single archaeon, Pyrococcus furiosus. Only some obligate (intracellular) pathogens such as the Rickettsiae, Chlamydiae and Mycoplasmata lack a dprA homologue. Despite this conservation, a function for this gene has never been established in noncompetent species. A possible explanation is that natural transformation and other forms of DNA transfer might be more widespread among bacteria than is generally considered, but it is also possible that DprA has other functions beside transformation (Takata et al., 2005) . To determine whether DprA has a role in DNA repair or recombination, we studied the effect of a dprA mutation in Escherichia coli.
Materials and methods

Escherichia coli and Haemophilus influenzae strains
Escherichia coli strains (Table 1) were grown in Luria-Bertani (LB) medium with thymidine, or in minimal medium (MM) containing per liter 0.2 g MgSO 4 Á 7H 2 O, 2 g citric acid, 10 g K 2 HPO 4 , 3.5 g Na(NH 4 )HPO 4 Á 4H 2 O, 4 g glucose and 10 mg thiamine. When appropriate, antibiotics were added in the following concentrations (mg L À1 ): kanamycin 50, ampicillin 30 (E. coli), 2 (Haemophilus influenzae), chloramphenicol (cam) 10, tetracycline (tet) 12.5, streptomycin (strep) 25, naladixic acid 8. Haemophilus influenzae strains (Table 1) were grown in brain heart infusion liquid media supplemented with 2-10 mg mL
À1
NAD and 10 mg mL À1 hemin (sBHI) (Barcak et al., 1991) . sBHI agar medium contained 15 g L À1 Difco Bacto agar. For growth experiments with E. coli, 10 mL of medium was inoculated with 10 mL of an overnight culture in LB and incubated at 37 1C with continuous shaking.
Complementation of Haemophilus influenzae
The E. coli K12 smf gene was obtained by PCR using the primers SMF1e (CGC TCG TCC GGA ATA TGT AA) and SMF2e (TTG ATC CAC ACG CAA CTC AG) and cloned into the pGEM-Teasy vector. Subsequently, a DNA fragment containing the smf gene was isolated by digestion with XbaI and EcoRI (the EcoRI site was located on the vector, the XbaI site is present in the E. coli genome just in front of the CDS) and ligated into similarly digested pMMB67HE (Furste et al., 1986) , placing smf under control of the tac promoter. The resulting vector was designated pMMB67HE-SMF. This vector was then transferred to Haemophilus influenzae strains by electroporation and selection for ampicillin resistance.
Construction of smf mutants in E. coli
The method described by Datsenko & Wanner (2000) was used to disrupt the smf gene in E. coli. Briefly, using primers SMF3 (GCT GCG ATC CAT CCT GCT AAC TCC AGT TCG Table 1 ) using P1 transduction. Subsequently, the cat gene was eliminated from the chromosome using pCP20 expressing the FLP recombinase (Datsenko & Wanner, 2000) , resulting in an smf deletion with an FRT scar sequence.
Natural transformation of Haemophilus influenzae
Natural transformation of Haemophilus influenzae was performed as described by Barcak et al. (1991) . Cells were diluted to an OD 650 nm of 0.0125 in sBHI and grown at 37 1C in a shaking water bath at 120 r.p.m. until an OD 650 nm of 0.2-0.3. By centrifugation, 17.5 mL of the cell culture was harvested and washed with 5 mL prewarmed MIV medium, pelleted and resuspended in 17.5 mL fresh prewarmed MIV medium with or without 1 mM isopropyl-b-D-thiogalactosidase (IPTG), and again incubated in a shaking water bath at 37 1C for 100 min at 72 r.p.m. Subsequently, 1 mL of culture was transferred to a tube with 1 mg of Haemophilus influenzae strain Map7 DNA and incubated stationary at 37 1C for 30 min. Dilutions were plated in 45 1C molten sBHI agar, and overlayed with either sBHI agar alone or supplemented with nalidixic acid. Transformation frequencies were determined by dividing CFU mL À1 on nalidixic acid-containing media by viable cell counts plated on sBHI alone.
Plasmid transformation of E. coli pUC18 DNA was prepared according to the miniprep spin protocol (Qiagen) and dissolved in milliQ water. Plasmid transformation of E. coli was performed as described by Baur et al. (1996) . In brief, bacteria were grown to an OD 600 nm of 0.4. One millilitre of the culture was centrifuged and resuspended in 100 mL 50 mM CaCl 2 with 10 ng DNA and incubated on ice for 20 min and subsequently at 37 1C for 10 min. Then 500 mL LB was added, and the bacteria were incubated at 37 1C with shaking for 45 min, centrifuged and plated on selective media (undiluted and 1 : 10 2 ) as well as nonselective media (1 : 10 6 and 1 : 10 8 ).
Chromosomal transformation of E. coli
Chromosomal donor DNA was prepared from 10 mL overnight culture by CTAB (5% hexadecyl trimethyl ammonium bromide) and phenol-chloroform-isoamylalcohol extraction and diluted to 10 ng mL À1 in 10 mM Tris-HCl. The DNA was sonicated for 2 min (amplitude 21%). Bacteria were grown to an OD 600 nm of 0.4. With 1 mL 1 M CaCl 2 , 10 mL of culture was mixed and incubated on ice for 30 min. Then the culture was centrifuged, resuspended in 450 mL 100 mM CaCl 2 and 50 mL of the sonicated chromosomal DNA was added, incubated on ice for 30 min and heat shocked at 42 1C. Then 750 mL of LB was added, the bacteria were incubated at 37 1C with shaking for 45 min, centrifuged and plated on selective media (undiluted and 1 : 10 2 ) and nonselective media (1 : 10 6 and 1 : 10 8 ).
Conjugation of E. coli
Donor and recipient strains were grown to an OD 600 nm of 0.3. With 4 mL of the recipient strain, 4 mL of the donor strain was mixed and incubated at 37 1C without shaking for 1 h. Then the suspension was briefly centrifuged and the bacteria were plated as 1 : 10 2 , 1 : 10 4 and 1 : 10 6 dilutions with appropriate selection.
Results and discussion
The E. coli K12 smf gene complements dprA in Haemophilus influenzae Escherichia coli contains two dprA family members. One of these, called smf, is present in all three E. coli strains that have been sequenced completely. This gene is highly similar to the Haemophilus influenzae dprA (44% identity at the amino-acid level). The gene product of the other homolog, called dprA, has an additional N-terminal domain of 50 amino-acid residues, which is absent from all other DprA/ Smf proteins. Even when this domain is neglected, the amino-acid sequence shares less sequence identity with other DprA/Smf proteins as compared with E. coli Smf (Fig. 1) . Moreover, the E. coli O157:H7 and E. coli CFT073 genomic sequences contain both genes, whereas, E. coli K12 contains only the smf CDS. Therefore, we decided to study the function of dprA-like genes in E. coli using the smf gene in strain K12. A phylogenetic tree of DprA/Smf family members shows no distinction between the DprA/Smf proteins of species with a known DNA-uptake system for natural transformation (Haemophilus influenzae, Helicobacter pylori, B. subtilis, S. pneumoniae) and those of species that are not known to be competent for genetic transformation (E. coli, P. furiosus, M. tuberculosis) (Fig. 1) . Therefore, it is likely that the role of DprA in natural transformation is not its primary function, similar to RecA and its role in transformation.
To test the hypothesis that DprA/Smf proteins are functionally similar in naturally competent and noncompetent species and to establish the fact that the smf gene in our E. coli K12 strain encodes a functional protein, the E. coli K12 smf gene was introduced into a Haemophilus influenzae dprA mutant. The E. coli gene was amplified by PCR, cloned in the broad host-range vector pMMB67HE and introduced into wild type and dprA mutant of Haemophilus influenzae. For transformation experiments with the complemented strain, the gene was expressed under control of the tac promoter. The results are shown in Fig 2. As was expected from earlier studies, the transformation frequency of the Haemophilus influenzae dprA strain was three per 10 9 bacteria, more than 2000 times lower than the wild-type frequency of 7.2 per 10 6 bacteria. After introduction of the E. coli smf gene and induction with IPTG, the mutant showed natural transformation at a frequency of 2.5 per 10 7 , which is 3.5% of the wild-type frequency and over 80 times more efficient than the dprA mutant. The effect of the complementation was weaker in the absence of IPTG, which is probably due to low activity of the tac promoter under this condition because of the presence of the lacIq gene on pMMB67EH. There was no effect of an empty pMMB67HE vector on the transformation efficiency of Haemophilus influenzae. These data confirm that E. coli smf encodes a functional protein, which partially restores natural transformation. We conclude that the dprA/smf genes of naturally competent and noncompetent species can be functionally interchangeable.
Transformation of E. coli
Next, we tested whether E. coli transformation was affected by the smf mutation. Escherichia coli is not known to be naturally competent for transformation with chromosomal DNA, but contains an uptake system for the use of DNA as a nutrient (Palchevskiy & Finkel, 2006) and can also be transformed with small plasmids under physiologic circumstances (Baur et al., 1996) . We did not detect any difference in plasmid transformation frequency between E. coli strain KA797 and the smf mutant KA1808 (not shown). Attempts to transform E. coli with chromosomal DNA were unsuccessful; DNA of E. coli strain CS5542 yielded o 1 Â 10 À9 transformants. Therefore, a heat-shock protocol was used for transformation with chromosomal DNA. The transformation frequency was increased if the chromosomal DNA had been sheared by sonication, and was even slightly higher Fig. 1 . Phylogenetic tree showing the relative distances between translated dprA and smf CDSs of Helicobacter pylori, Haemophilus influenzae, Bacillus subtilis, Streptococcus pneumoniae, Escherichia coli smf, Escherichia coli dprA and Pyrococcus furiosus. The alignment was made with CLUSTALX 1.83 using the Blosum amino-acid weight matrix. The maximumlikelihood tree was constructed with Tree-Puzzle 5.2 and Treeview 1.6.6. The 50 N-terminal amino-acid residues of E. coli CFT073 DprA were excluded from the analysis. Fig. 2 . Transformation efficiency of Haemophilus influenzae dprA mutants as a percentage of the wild-type (strain KW20) frequency. The bars represent the mean of four experiments performed on 2 days. Bar 1, wild-type KW20; Bar 2, GBH37 pMMB67HE (dprA mutant, empty plasmid) with IPTG; Bar 3, GBH37 pMMB67HE-SMF (dprA mutant, E. coli smf) without IPTG; and Bar 4, the same as bar 3, with IPTG.
if recombination was stimulated by adding Mitomycin C (MMC) to the growth medium. Heat-shock transformation was performed with double-stranded DNA (dsDNA), as well as with heat denatured single-stranded DNA (ssDNA). In naturally competent species, the DNA is usually single stranded. The transformation frequencies varied widely between individual experiments, but no reproducible differences between wild-type cells and the smf mutant cells were observed. The results of a representative experiment are given in Table 2 . We conclude that smf does not play a role in transformation of E. coli, despite its ability to restore natural transformation in Haemophilus influenzae. Although these results might reflect differences between natural transformation and artificial transformation, they are still in contrast to experiments in C. jejuni, where a dprA mutation abolished the capability of electro-transformation as much as natural transformation (Takata et al., 2005) .
Conjugation
A possible role for smf in conjugation was investigated by Hfr conjugation experiments, using both wild-type and smf mutant cells as donor as well as recipient strain. Hfr conjugation was chosen because it involves more recombination steps than conjugation of IncP or IncQ plasmids. As can be seen from the results presented in Table 3 , the smf mutation did not significantly influence conjugation efficiencies, either in the donor or in the recipient. Therefore, Smf does not play a crucial role in plasmid conjugation or plasmid recombination after conjugation.
Viability and growth characteristics of the smf mutant
DprA/Smf has been reported to play a role in the protection of ssDNA intermediates during transformation (Berge et al., 2003) . This function could also be useful in other cellular processes, such as chromosome replication and DNA repair. The growth rate of the smf mutant was similar to that of the wild type (not shown). This suggests that a function in protection of the single stranded intermediates during normal chromosomal replication is absent or very limited. Next, we tested the effect of 0.25 mg L À1 of the alkylating agent MMC on the smf mutants in E. coli K12. MMC induces point mutations due to mispairing as well as crosslinking of DNA strands at CpG sites, which results in double-strand breaks during replication. This type of DNA damage is lethal unless the double strand break is repaired by homologous recombination. As expected, a recA strain was unable to replicate when exposed to MMC. However, no differences in growth rate or viability were observed between the wild-type cells and the smf mutant (Fig. 3) . Therefore, we were unable to demonstrate a role of smf in the protection of single-stranded intermediates during recombinational DNA repair. A number of different mechanisms are involved in E. coli DNA repair. Because backup-mechanisms (redundancies) may mask a possible effect of smf mutation, a combination with other mutations might be necessary to reveal a phenotype. Therefore, we performed a number of experiments that combine an smf-deletion with mutations in genes involved in DNA repair that might increase the presence of ssDNA. First, we combined an smf-deletion with an uvrB or uvrC deletion to eliminate the nucleotide excision mechanism of DNA repair. Nucleotide excision DNA repair does not involve loose ends of ssDNA. Disruption of this system might increase the dependency on DNA repair systems that do involve the formation of ssDNA. Nevertheless, the smf deletion did not induce growth deficiencies in these strains either with or without the addition of 0.25 mg L À1 MMC in the growth medium (not shown). Likewise, UV-irradiation of smf mutants (in a wild type as well as uvrB and uvrC backgrounds) did not reveal an impaired survival. Mutants with deletions in dinB (encoding the mutagenic polymerase IV) and polB, and a combination of dinB, polB and uvrC (see Table 1 ) were similarly unaffected by an additional smf mutation. These results seem to suggest that DprA is not involved in DNA repair or recombination in E. coli. Because of the complexity of DNA repair mechanisms in this species, this conclusion is, however, premature. We were not able to establish a role for DprA in horizontal gene transfer via transformation or conjugation in E. coli, which raises questions about the supposed basic function of dprA/smf in these processes. Moreover, a homologue of DprA can also be identified in, for instance, Mycobacterium tuberculosis. This species is thought to have evolved strictly by clonal descent and does not show any signs of recent horizontal gene transfer whatsoever (Brosch et al., 2002; Supply et al., 2003) . The conservation of DprA in many bacterial species strongly suggests that natural transformation is not its main function but that this protein fulfills a role for the fitness of bacteria, but the unraveling of its exact function awaits further experimentation.
